Here we report on 20-yr soil (forest floor plus the upper 20 cm of mineral soil) carbon and nutrient reserves from 14 biomass removal trials established on coarse-textured, nutrient poor sites. Harvest treatments included stem only (SO, delimbed at the stump), full-tree (FT, entire trees with boles and branches removed), and full-tree plus forest floor blading (FTB, full-tree harvest followed by removal of the forest floor and approximately the upper 5 cm of mineral soil). After 20 yr, there were no significant differences in soil C, N, and K reserves between pre-harvest levels and the SO and FT treatments. Only the soil reserves of the FTB treatment remained significantly lower than the pre-harvest levels. Extractable soil Ca and Mg reserves increased in Year 5 in all treatments, followed by slow declines, but all treatments remained comparable to or exceeded pre-harvest levels at Year 20. For P, harvesting (SO and FT) resulted in significant declines that remain after 20 yr. Both jack pine and black spruce showed reduced top height growth on FTB, but only on some of the sandy sites. There were no differences in top height for either species between SO and FT across all 14 study sites. Current results suggest there is no need for restrictions on full-tree harvesting for traditional wood products on these nutrient poor sites. However, from a cautionary perspective, it seems prudent at this time to restrict more intensive bioenergy harvests to deep, finer-textured sites that have larger soil C and nutrient reserves.
ity. These generalized analyses, however, may obscure important negative effects for certain forest and soil types under specific climate conditions making these "global" interpretations less meaningful for evaluating the effectiveness of local or regionally derived forest policies or guidelines. A number of recent, regional studies have highlighted site-and species-specific responses to full-tree (whole-tree) harvesting and stump removal treatments (Brandtberg and Olsson, 2012; Zetterberg et al., 2013; Kaarakka et al., 2014; Hyvönen et al., 2016; Egnell, 2017) . Thiffault et al. (2011) suggested critical determinants that can shape the responses to biomass removal that include climate, microclimate, mineral soil texture and mineralogy, soil organic matter and nutrient contents, and tree species autoecology.
The province of Ontario, Canada has just under 37 million ha of managed forested land with an annual harvest allocation of approximately 25 million m 3 yr -1 . Jack pine (Pinus banksiana Lamb.) and black spruce [Picea mariana (Mill.) B.S.P.] are the primary commercial species and commonly grow on nutrient poor soils (Banton et al., 2011) . Although commercial harvesting dates back to the 1920s in northern Ontario, large scale, clearcut harvesting started in earnest in the 1970s. In the mid1980s, there was a rapid shift to mechanized, full-tree harvesting (entire aboveground tree forwarded to roadside for processing) heightening regional concerns about how this increased biomass (and nutrient) removal might affect long-term site productivity. At this time, there was general consensus in the literature that sites with low nutrient reserves would likely be sensitive to the increased nutrient removals associated with full-tree logging (Boyle et al., 1973; Wells and Jorgensen, 1979; White and Harvey, 1979; Freedman, 1981) . In particular, both shallow-soiled sites (Weetman and Webber, 1972; Gordon, 1983; Timmer et al., 1983) and coarse-textured, infertile sands (Foster and Morrison, 1987; Mahendrappa et al., 1987; Maliondo, 1988; Maliondo et al., 1990) were highlighted as being potentially the most sensitive. These conclusions, however, were largely derived through nutrient budget and mass balance approaches and estimates of nutrient replacement times (Morris, 1997) or stability ratios (Evans, 1999) , as opposed to empirically derived results from long-term field trials.
Recognizing the need to test these predictive indicators, the Canadian Forest Service and the Ontario Ministry of Natural Resources jointly established a series of biomass removal trials during the years of 1993 to 1995 (Tenhagen et al., 1996; Duckert and Morris, 2001) . Trial sites specifically targeted those soil types (shallow to bedrock and infertile sands) deemed most sensitive to increased nutrient removals. Trials included three levels of biomass removal: stem only, full-tree, and full-tree plus forest floor removal. The resulting installations now form an integral part of the North American Long-term Soil Productivity (LTSP) network (Powers et al., 2005) , with data contributing to broad LTSP synthesis efforts examining early tree growth response (Fleming et al., 2006; Ponder et al., 2012) , as well as to regional species-specific growth responses (black spruce [Morris, 2013] ; jack pine ).
For this paper, we used 14 of Ontario's LTSP trial sites (which include 42 individual plots per treatment), reporting on soil carbon (C) and nutrient reserves 20 yr post-harvest and comparing reserves associated with each biomass removal treatment against pre-harvest levels. We address three specific questions and test their associated hypotheses. (1) Do the additional fine slash loadings associated with stem only harvests (SO) result in more stable (i.e., comparable to pre-harvest levels) and larger soil C and nutrient reserves compared to both full-tree harvests (FT) and the fulltree plus forest floor removal treatment (FTB) ? We hypothesized that although soil C and nutrient reserves would decline following clearcut harvesting, and slash loadings will be higher in the SO compared to the FT treatments, there would be sufficient fine slash (live branches plus foliage) in both operational treatments to results in comparable soil reserves after 20 yr. In contrast, the FTB removal of the forest floor would result in persistently lower soil reserves throughout the measurement period (Hypothesis I: preharvest > SO = FT > FTB). (2) Are sites with lower pre-harvest nutrient reserves more susceptible (i.e., show greater declines in soil nutrient pools compared to pre-harvest levels) to increased biomass removal? We anticipated there would be a significant soil type × harvest treatment interaction with the coarser loamy sand (LS) sites that had lower pre-harvest C and nutrient reserves to have greater declines and slower recoveries compared to the richer silty sand and silt loam sites (Hypothesis II: loamy sand < silty sand = silt loam). (3) Does tree growth response to harvest treatment vary depending on species (jack pine versus black spruce)? We expected the lower nutrient-demanding jack pine to be less responsive to the gradient of biomass and/or nutrient removals compared with black spruce. In keeping with Hypothesis II, we only expected growth declines to occur on the more nutrient poor loamy sand sites (Hypothesis III: jack pine: SO = FT = FTB; black spruce: SO = FT > FTB, but only on loamy sand sites).
MATERIALS AND METHODS

Study Site Descriptions
The 14 LTSP sites used in this study are situated in northern Ontario, Canada (Latitude 46°24ʹ to 50°25ʹ N; Longitude 81°46ʹ to 89°24ʹ W), with nine sites in northeastern Ontario and five sites in northwestern Ontario (Fig. 1) . All sites experience cold continental climates, with annual precipitation ranging from 689 to 1009 mm yr -1 and annual temperatures of -0.7 to 4.4°C. The stands prior to harvest were all undisturbed, fire-origin, coniferdominated (pure jack pine or black spruce, or pine and spruce mixtures) forests ranging in age from 57 to 125 yr (Table 1) . Sites were selected to cover a range of soil textural classes (loamy sands to silt loams: with the percentage of sand in the upper 20 cm ranging from 20 to 87%) and site productivity levels (site index at breast height age 50 of 14.1 to 20.7 m). For the analysis, sites (treated as a random factor within soil types) were grouped into three broad textural classes (loamy sand, silty sand, silt loam) based on the percentage of sand (loamy sand, 70-90% sand; silty sand, 45-70% sand; silt loam, 20-45% sand) . Soil profile development also varied from weakly developed Orthic Dystric Brunisols (Inceptisols) to well-developed Humo-Ferric Podzols (Spodosols), with varying forest floor depths (3-14 cm). Preharvest soil (forest floor plus the upper 20 cm of mineral soil) C and nutrient reserves also varied considerably among individual sites (Table 1) . For example, soil C ranged from 50.6 to 95.8 Mg ha -1 with other elements also having considerable variability between sites, largely a function of forest floor mass, soil texture, coarse fragment content, and parent material mineralogy. In most cases, average soil C and nutrient reserves followed loamy sand < silty sand < silt loam, as did site index. In terms of the percentage contribution of the forest floor (L, litter [Oi] ; F, fermented [Oe] ; H, humus [Oa] ) to the total soil reserves, the loamy sand sites had consistently higher percentage contributions, followed by silty sand, then silt loam sites (Table 1) .
Experimental Harvests
From 1993 to 1995, all sites were clearcut (i.e., no residual trees were left standing). At each site, a series of harvested treatments were applied that varied in the level of biomass removed using a randomized block design, with three 900-m 2 replicate plots per treatment separated by 20-m buffers. Treatments included: stem only (SO; delimbed at the stump with only the merchantable bole being removed to roadside), full-tree (FT; the entire tree with bole and branches removed to roadside, although broken branches and/or tops which commonly occur during normal full-tree harvest operations were left on the plots), and full-tree plus blading (FTB; a full-tree harvest followed by removal of logging debris, stumps, understory vegetation, the forest floor, and up to 5 cm of mineral soil). The SO and FT were operational treatments, resulting in some level of soil disturbance and mixing common with these operations. Three plots were also established in the uncut reference stand.
Slash loadings resulting from the SO and FT varied considerably across the 14 study sites largely reflecting differences in stand productivity, age-related condition at time of harvest, and topography (Table 2 ). On average, the SO retained 15 Mg ha -1 dry mass more than the FT (with difference as great as 35.4 Mg ha -1 depending on individual site characteristics) largely in the form of live branches and tree tops. Detailed summaries of the slash loadings for the individual sites were summarized in Hazlett et al. (2014) . As expected, the FTB treatment had significantly lower total soil carbon (26-28% of SO and FT, respectively) and nutrient reserves following treatment compared to the two operational treatments.
Following SO and FT, site preparation (mechanical disc trenching in northeastern sites, manual removal of patches of organic layer in northwestern sites) was done on the plots and planted with either jack pine (9 northeastern sites) or black spruce (5 northwestern sites) at 2-m by 2-m spacing the spring after harvest. Buffer areas between the treatment plots were also planted to reduce edge effects. It is worth noting that the soil mixing associated with the disc trenching on the northeastern sites may have altered the rate of organic matter decomposition that, in turn, might influence the long-term soil nutrient reserves for the SO and FT treatments on those sites.
Planted tree growth has been measured every 5 yr up to and including Year 20. On the northwestern sites, naturally regenerated jack pine were also randomly selected and permanently tagged in Year 10 and re-measured again in Years 15 and 20.
Field Sampling and Laboratory Analysis
Pre-harvest soil sampling was done at five locations within each plot. For the northwestern sites, soil cores (5 cm diameter) were used to sample both the forest floor and mineral soil horizons. For the northeastern sites, the forest floor was sampled by excavating 0.1-m 2 quadrats, whereas mineral soils were core-sampled (also 5-cm diameter corer) at 10-cm depth increments. In all cases, horizon depths were measured and samples were also used to determine bulk density. Coarse fragment content was obtained using either www.soils.org/publications/sssaj ∆ quantitative pits or an ocular estimate from soil pit faces. Forest floor samples were separated by horizon (L, F, H), oven dried at 70°C and ground in a Wiley mill. Mineral soils were air-dried and passed through a 2-mm sieve before chemical analysis. Organic matter was determined by loss-on-ignition for the forest floor (all sites) and by wet oxidation (Walkley-Black method) (northeastern sites) for mineral soil samples, with organic carbon (C) calculated using a 0.58 conversion factor (Kalra and Maynard, 1991) . For the northwestern sites, organic C was determined by dry combustion using a LECO CNS analyzer. For all sites, soil nitrogen (N) concentrations were determined by the semi-micro-Kjeldahl procedure, and exchangeable cations were determined by ICAP in unbuffered 1 mol L -1 NH 4 Cl solution (Kalra and Maynard, 1991) . Extractable phosphorus (P) was determined by ICAP in Bray and Kurtz No. 1 extractant (Kalra and Maynard, 1991) . Soil nutrient reserves were calculated using horizon depth, bulk density, and concentration adjusted for site-level coarse fragment content. We do recognize the challenge with these long-term studies in terms of potential long-term storage effects, changes in instrumentation, and methodological changes that could, in themselves, influence the results. Although we did not address this specifically in this current study, Hazlett et al. (2011) did examine these factors when resampling the Turkey Lakes Watershed study that spanned a similar timeframe (17 to 19 yr), and found that when differences occurred they were small and not significantly different.
Soils were resampled at all sites and treatment plots, including the uncut reference plots, 15 and 20 yr following harvest using the same field and laboratory procedures described above. It should be noted that due to the removal of 5 cm of the eluviated A horizon in the FTB treatment, subsequent sampling was from 5 to 25 cm of the original (pre-harvest) profile compared to 0 to 20 cm for the SO and FT treatments. This treatment/sampling artifact did result in a 10% reduction in C, N, and K soil reserves, but <5% in P (0%), Ca (5%), and Mg (3.5%) reserves . The only exception was that soil N concentrations at the northeastern sites were determined using a NCS combustion analyzer. To examine soil carbon and nutrient temporal dynamics as a function of harvest treatment, seven sites were also sampled every 5 yr (Years 0, 5, 10, 15, 20) . These are indicated in Table 2 , and include representative sites from each of the broad soil types (two sites from loamy sand, two from silty sand, and three from silt loam).
Statistical Analysis
The experiment was treated as a randomized complete block design (RCBD). In the analysis, the individual sites within each soil type (fixed factor) were treated as a random factor to provide an expression of between-site variability (estimate of population variance) and the biomass removal treatment (fixed factor) plot replicates providing an expression of within-site variance. The five samples per plot were averaged to provide a plot-level average used in the analysis. Table 2 . Post-treatment soil plus logging slash C (Mg ha -1 ) and nutrient reserves (kg ha -1 ) for the 14 northern Ontario study sites representing a range of soil types. Sites indicated by a diamond (¨) were sampled every 5 yr and used to examine the temporal patterns of soil C and nutrient loss and recovery.
Site
Region † Stem-only harvest Full-tree harvest Full-tree plus blading Response variables included forest floor (L, F, H), mineral soil, and total soil reserves of C, N, P, exchangeable potassium (K), exchangeable calcium (Ca), and exchangeable magnesium (Mg). We used Year 20 top height (average height of the upper quartile [dominants and codominants] of trees) and top height increment (difference in top height between Year 15 and 20) to investigate treatment impacts on site growth potential (Skovsgaard and Vanclay, 2008; Burkhart and Tomé, 2012) . The mixed-model ANOVAs were performed with the PROC VARCOMP procedure in the SAS/STAT software, version 9.4. Further examination of any significant soil type ´ harvest treatment interactions was done by running separate ANOVAs for the fixed harvest treatment factor within each of the soil types. We used a series of orthogonal contrasts to examine the 20-yr soil carbon and nutrient responses to the biomass removal that allowed for three separate and meaningful ecological questions: L 1 , Pre-harvest vs. operational clearcut:
L 2 , Fine and coarse slash retained vs. coarse slash only:
l SO − l FT L 3 , Forest floor retained vs. forest floor removed:
The LSD means separation post-hoc test was used to examine the tree growth response patterns between the three biomass removal treatments. Examination of the temporal patterns in soil C and nutrient pools was treated as a repeated measures model.
RESULTS
Soil Type and Harvest Treatment on Soil C and Nutrient Reserves
With the exception of N (loamy sand < silty sand = silt loam), at 20 yr post-treatment there was a significant (p < 0.001) gradient in total soil C and nutrient stores across soil types (loamy sand < silty sand < silt loam) for all treatments combined, largely due to higher mineral soil reserves in the upper 20 cm for the finer textured sites (Fig. 2) .
In contrast, the response pattern to the biomass removal treatments varied depending on the element (Fig. 3 , all soil types combined). For C, N, and K, there were no significant differences in total soil reserves between pre-harvest, SO after 20 yr, and FT after 20 yr, with only the FTB treatment remaining significantly lower (approximately 50%) than either the SO and FT treatments as a legacy of removing the nutrient rich forest floor and the upper portion of the mineral soil. The SO and FT forest floor percentage contributions to the total soil reserves for C, N, and K also were similar to the pre-harvest levels. The FTB treatment not only had significantly lower C, N, and K organic horizon reserves compared to the other harvest treatments, but this removal also resulted in lower mineral soil reserves over 20 yr resulting from the initial removal of the upper 5 cm of the A horizon and lower elemental concentrations (data not shown). In contrast, mineral soil Ca, and Mg reserves (and concentrations) increased in the FTB. In these cases, the increases compensated for the original losses caused by forest floor and upper mineral soil removal, resulting in no significant differences across harvest treatments, with all being equivalent to the pre-harvest reserves. In the case of P, clearcut harvesting (both SO and FT) resulted in significant declines in total soil reserves after 20 yr, most notably in the mineral soil (<50% of the pre-harvest P levels). Additional significant declines occurred in the FTB treatment due to organic horizon P losses.
Despite substantial pre-harvest differences in soil C and nutrient reserves among soil types (Table 1) , the soil types generally responded in similar fashion to the biomass removal treatments (i.e., there were no significant soil type ´ harvest treatment interactions). The exceptions were for P and K. For P, the significant interaction was the result of a differential response to treatments across soil types in the organic horizon (Fig. 4) . There was a clear gradient (although the SO and FT were not significantly great from each other) from pre-harvest to FTB in the organic horizon P reserves for the loamy sand sites, similar declines in SO and FT compared to the pre-harvest levels with additional declines in FTB for the silty sand sites, and no significant differences from the pre-harvest levels for SO and FT on the silt loam sites. Declines in mineral soil P following harvesting (SO, FT, and FTB) were similar for all soil types. In the case of K (Fig. 5) , there was also a gradient in organic horizon K declines from pre-harvest to FTB on the loamy sand sites, although preharvest was not significantly different from the operational harvest treatments (SO and FT). There was a significant decline in organic horizon K in the FTB on all soil types. For mineral soil K reserves, only the silty sand sites showed significant declines for FTB, whereas there was no significant difference across treatments on either of the loamy sand or silt loam sites (Fig. 5) .
Temporal Patterns in Soil C and Nutrient Reserves
Although there were differences in the temporal patterns for each element in response to the harvest treatments, the patterns were consistent for each soil type. Therefore, all sites were combined to portray the overall temporal patterns (Fig. 6 ). These patterns clearly illustrate the immediate and persistent effects of FTB for most elements reported (Fig. 6 ). For example, average total soil C reserves were reduced by over 20 Mg ha -1 , with additional gradual declines of approximately 5 Mg ha -1 out to Year 20 and no evidence of recovery. The temporal patterns associated with SO and FT do, however, follow three distinct patterns. In the case of C, N, and K there was little net loss in total soil reserves throughout the 20-yr sampling period. Beyond the immediate reduction of the soil P reserves in the FTB treatment, clearcut harvests (SO, FT, and www.soils.org/publications/sssaj ∆ FTB) resulted in a continual decline in soil P for 10 yr then stabilizing at approximately half of the pre-harvest levels. In contrast, both Ca and Mg soil reserves increased following clearcut harvest, with even the initial losses from FTB being compensated for by increases in exchangeable Ca and Mg in the mineral soil. After this initial (5-yr) pulse, pools have gradually declined, but remain at or above pre-harvest levels at the Year 20 sampling. Consistent for all elements, the SO and FT temporal patterns largely track on each other throughout the sampling period.
Tree Productivity Response
As noted in the methods, we examined the Year 20 top height and top height increment from Year 15 to 20 of jack pine (14 sites) and black spruce (5 sites). For jack pine, although the overall biomass removal treatment effect (all soil types combined) was significant for both Year 20 top height (p = 0.0006) and Year 15 to 20 top height increment (p = 0.0004), with SO = FT > FTB, there was a significant soil type × harvest treatment interaction (Fig. 7) . In this case, FTB was significantly lower than FT on the loamy sand sites, significantly lower than both SO and FT on the silty sand sites, and similar to SO and FT on the silt loam sites. At the individual site level, jack pine top height was lowest on FTB on 9 of the 14 sites (5 of 6 on the silty sand sites), although significantly lower on only 3 of 14 sites (Eddy 3, Superior 1, and Superior 3). Similarly, top height increment on FTB was lowest on 11 of the 14 sites, including all of the loamy sand and silty sand sites, but was only significantly lower on three sites (Supawn 1, Eddy 4, and Superior 1). Although not always significant, these results suggest that the trees which are now entering the crown-closure development stage are experi- encing some level of nutrient limitation. For black spruce, there was a similar soil type × harvest treatment interaction where top height and top height increment were only significantly lower on FTB on the more nutrient poor loamy sand sites (Fig. 8) . There is no evidence of growth reductions across biomass removal treatments for black spruce on the finer-textured soil types (silty sand, silt loam). At the individual site level, black spruce top height on FTB was significantly lower on two of the loamy sand sites 
DISCUSSION
The concept (hypothesis) that the impact of intensive organic matter removal on long-term site productivity is more likely to be observed on nutrient poor, coarser-textured sites continues to be highlighted in the introductory statements of many studies (e.g., Walmsley et al., 2009; Rothstein and Spaulding, 2010; Kaarakka et al., 2014; Mack et al., 2014) despite the lack of empirical evidence from long-term trials. Here we report 20-yr results 
Hypothesis I: Soil C and nutrient reserves decline across the gradient of biomass removal treatments (pre-harvest > SO = FT > FTB)
With the exception of P, the Year 20 soil C and nutrient (N, K, Ca, Mg) reserves in SO and FT were not significantly different from pre-harvest levels after 20 yr thereby rejecting part of Hypothesis I (Fig. 3) . Similar results for C and N reserves have been reported by others (Carter et al., 2002; Belleau et al., 2006; Vanguelova et al., 2010; Wall and Hytönen, 2011; Grand and Lavkulich, 2012; Hyvönen et al., 2016) . Like Egnell et al. (2015) , only the extreme treatment (in their case slash and stump removal following by deep tillage) showed immediate and persistent declines in C and some nutrients (N, P, K). The lack of initial declines in these elements would suggest that any losses associated with increased decomposition of soil organic matter were offset by the incorporation of the fine logging residues into the forest floor for the SO and FT treatments. For both Ca and Mg, however, even the FTB treatment showed no significant declines in total soil reserves despite the removal of the forest floor. In fact there was a short-term increase (Year 5) in both the exchangeable Ca and Mg) reserves for all biomass removal treatments, including the FTB treatment (Fig. 6 ). This result is contrary to model predictions of full-tree harvest effects on base cation levels (Bengtsson and Wikström, 1993; Rolff and Ågren, 1999; Watmough et al., 2005; Akselsson et al., 2007; Reid and Watmough, 2016) . However, other studies have also reported K, Ca, and Mg increases at some sites, and where declines occurred they were smaller (approximately half ) than the amount of Ca accumulated in tree biomass (Reynolds and Stevens, 1998; Bélanger et al., 2004; Brandtberg and Olsson, 2012) . These elements, particularly Ca and Mg, are generally thought to be predominantly influenced by mineral weathering, atmospheric deposition, and deep soil uptake by trees (Grand et al., 2014) and it has been suggested that model parameters may need to be adjusted to accurately account for these increases (Brandtberg and Olsson, 2012) .
It has generally been thought that forest harvesting leads to a reduction in soil C and nutrient reserves for a few decades, followed by a partial or complete recovery period (Aber et al., 1979; Covington, 1981; Jiang et al., 2002) . In our case, only soil P followed this pattern with continued declines to 10 yr post-harvest for all biomass harvest treatments, and, although remaining stable, there has been no sign of recovery to date (Fig. 6 ). Soil C and N pools in the SO and FT treatments remained similar to preharvest levels suggesting that there was sufficient incorporation of fine logging debris in these operational treatments to compensate for any losses associated with increased rates of organic matter decomposition. Although there have been reports of initial soil C and N reserve declines following harvesting (Nave et al., 2010) , these tend to be short-term declines (Nordborg et al., 2006; Kishchuk et al., 2016) .
Hypothesis II: More infertile sandy sites are more sensitive to increasing of biomass removals (loamy sand < silty sand = silt loam)
Despite having a clearly significant gradient in soil C and nutrient reserves among soil types (Fig. 2) , generally the response to the range of biomass removal treatment showed similar patterns across all soil types (i.e., no soil type × biomass removal treatment interaction). We, therefore, reject Hypothesis II for some elements. The exceptions were P and K for which there was a more defined response gradient across biomass removal treat- ments on the loamy sand sites becoming less pronounced on the silty sand sites, and largely negligible except for the FTB treatment on the silt loam sites. Others (e.g., Olsson, 1999; Zetterberg et al., 2013; Egnell et al., 2015) have reported a trend of greater declines on their poorer sites in their treatment sets, but these comparisons are somewhat limited as they were based on a smaller number of sites with vastly contrasting soil types. For example, the two sites of Egnell et al. (2015) had soil N pools of 1796 kg ha -1 on the sandy site and more than double that amount (4012 kg ha -1 ) on the silty site. For our 14 study sites, there were some differences in the response patterns associated with the biomass removal treatments (data not shown) for individual sites, but no consistent pattern across all elements emerged. Similar conclusions have been made by others (i.e., there were some significant site-dependent responses) (Brandtberg and Olsson, 2012; Kaarakka et al., 2014 ) making overall interpretation difficult without adequate site replication within each soil type. In our case, the 3 to 6 site replicates within our three soil types (treated as a random factor and provided an expression of population variance in the analysis) improves the statistical power (i.e., reduces the probability of making a Type II error) of our interpretation that there is a lack of differences in site sensitivity across soil types. However, the relative effect size (i.e., removals relative to the pre-harvest total soil nutrient reserves) would be expected to be larger for sites with lower pre-harvest soil nutrient levels. As well, the relative difference between the post-treatment total soil nutrient reserves were small between SO and FT compared to the FTB, making the detection of statistical differences between SO and FT less likely. At the individual site level and using total soil N reserves as an example, the site with the lowest pre-harvest soil N reserve (Supawn1 at 1151 kg ha -1 ) was the only site of our 14 sites that had significantly lower total soil N reserves after 20 yr on FT compared to SO (Pre-harvest = SO > FT > FTB).
Hypothesis III: Black spruce more sensitive to biomass removal compared to jack pine (jack pine: SO = FT = FTB; black spruce: SO = FT > FTB, but only on the loamy sand sites)
Based on Year 20 top height of planted trees (and naturally regenerated jack pine on the northwestern sites), both species had reduced growth on the FTB treatment but only on the coarsertextured sandy sites: jack pine on loamy sand and silty sand sites (Fig. 7) , black spruce only on loamy sand sites (Fig. 8) , consistent with tree and stand growth metrics reported on at earlier stages of development (Morris, 2013; Fleming et al. 2014) . At this stage of stand development (i.e., entering the crown closure phase), this growth reduction may largely be due to a moisture limitation on these sandy sites, as opposed to a nutrient limitation. The poorer black spruce growth exhibited on the finer-textured silt loam sites is likely the response to interspecific competition from the taller, ingressed jack pine (black spruce being 2 to 3 m shorter at Year 20 than the jack pine), as well as hardwoods (Populus tremuloides Michx. and tall shrubs). The northwestern sites have not had any herbicide application treatments, in contrast with the northeastern sites which had either aerial or ground applied herbicides. Therefore, we reject Hypotheses III. This somewhat similar response by both species to forest floor and some upper mineral soil removal does contrast with what others have reported with a much more pronounced treatment-induced growth response difference between their pine and spruce comparisons (Kranabetter et al., 2017; Egnell, 2017) , with the pines generally insensitive to the treatments imposed. It is worth noting that black spruce is among the more tolerant, slowest growing spruces, and likely less nutrient demanding, compared to the other planted spruce species used in these trials that showed greater growth differences between treatments (Picea glauca x engelmannii [Kranabetter et al., 2017] ; Picea abies in Nordic trials [Egnell, 2017] ). As well, tree growth response should not be gauged solely against time-since-treatment, but more appropriately linked to stand development stage and the period when soil nutrient limitations have the greatest potential to limit and/or influence tree growth (i.e., the period between crown closure and the onset of self-thinning). As noted above, our stands are just reaching the crown closure stage so continued monitoring will be critical to determine if tree growth and foliar nutrition are affected in the next decade or so. However, given the temporal patterns in soil C and nutrient reserves (Fig. 6 ), all elements except P are at or near pre-harvest levels for both SO and FT. Therefore, in contrast with FTB, it seems unlikely that tree growth would be affected as a function of nutrient availability in these treatments.
Management Implications
Mandatory or voluntary site-level guidelines are one of the several governance mechanisms used to ensure that soils are afforded adequate protection to support future stand productivity (Stupak et al., 2007; Titus et al., 2013) . With respect to biomass removals, these guidelines commonly cite nutrient poor sites as being sensitive to increased biomass removals (Hakkila, 2002; Stupak et al., 2008; Evans and Perschel, 2009) . Based on our results, the increased biomass removals associated with our operational FT treatment were consistently comparable to our operational SO treatments for all elements, and both commonly comparable to pre-harvest levels. In addition, there was no evidence of tree growth reductions on the FT treatments (jack pine or black spruce). The results, therefore, would support the recommendation that there is no need for restrictions on full-tree harvesting for traditional wood products on these nutrient poor sites.
In many parts of the world, there is a growing interest in developing markets for biomass energy ( Janowiak and Webster, 2010; Helmisaari et al., 2011; Egnell, 2017) , with associated biomass harvests that also target non-merchantable trees (e.g., undesirable species, undersized or defective trees). The suite of Nordic trials, reviewed by Egnell (2017) , are better positioned to address the ecological sustainability of these bioenergy harvests. In these cases, their full-tree (whole-tree) treatments had complete slash removal either by hand or operationally through raking and baling of residual slash after the final felling, as well as having commonly included stump removal treatments. If applied to our sites, the results would no doubt fall somewhere between FT and FTB responses. Thus, it would seem prudent at this time to restrict these types of more intensive harvests to more productive sites, and avoid the coarse-textured, nutrient poor sites. It is, however, worth noting that our post-harvest residue retention values in for FT, as reported in Hazlett et al. (2014) , coincide with guidelines of jurisdictions that recommend retaining onethird of residues on site after bioenergy harvesting.
One final caveat to our results needs to be added. All of our 14 study sites were initial harvests of natural wildfire-origin, mature to over-mature stands. As such, they tended to have deep, nutrient-rich forest floors and considerable standing dead and downed woody debris pools. Therefore, the lack of change in soil C and nutrient pools may, in part, be due to a "biological legacy" effect that adds to the resiliency of these harvested stands in the first rotation. Subsequent rotations of the same treatments might yield different results as reported elsewhere (Walmsley et al., 2009 ). This instigated the establishment of a new trial (second generation LTSP) in 2010 in a second growth, mid-rotation jack pine plantation established on a coarse-textured outwash sand. The trial also includes a broader suite of biomass removal options including a FT bioenergy harvest and a stump removal treatment (Kwiaton et al., 2014) , to help address the ecological sustainability of these potential bioenergy harvests moving forward.
Beyond the detailed, scientific insights obtained from these long-term, replicated trials and synthesis efforts from the LTSP network, there is a real opportunity to develop and validate a suite of indicators aimed at evaluating the maintenance of site productivity or the conservation of biodiversity (e.g., slash and/ or coarse wood retention thresholds) on operational scales. In this context, these indicators could then be incorporated into "operational" monitoring, as part of any regional monitoring program to evaluate the "effectiveness" of forest management guidelines and related policies within an adaptive management framework resulting in a meaningful and science-based advance to sustainable forest management.
CONCLUSIONS
As international demand for renewable energy continues to grow, there has also been a growing interest in using forest biofiber (e.g., roadside logging debris, unmerchantable and undesirable species, and stumps) as a prime feedstock for the bioenergy market. This harvest intensification has rekindled the debate regarding the effects of forest biomass removals on long-term site productivity, with coarse-textured sites with lower nutrient reserves commonly viewed as being most sensitive to these increased removals. Here we reported on the 20-yr soil (forest floor plus the upper 20 cm of mineral soil) C and nutrient reserves from 14 long-term biomass removal trials (LTSP) that were established in 1993 to 1995 in fire-origin, mature jack pine and black spruce stands that specifically targeted coarse-textured, nutrient-poor sites.
After 20 yr, the response pattern to the biomass removal treatments varied depending on the element. For C, N, and K, there were no significant differences in total soil pools between pre-harvest, SO after 20 yr, and FT after 20 yr, with only the FTB after 20 yr remaining significantly lower (approximately 50% on average) as a legacy of removing the nutrient-rich forest floor and approximately the upper 5 cm of mineral soil. In contrast, mineral soil Ca, and Mg pools (and concentrations) increased as a result of the blading. In these cases, the increases compensated for the original losses caused by the forest floor and mineral soil removal, resulting in no significant differences across treatments and the pre-harvest pools. In the case of P, clearcut harvesting (both SO and FT) resulted in significant declines in total soil pools after 20 yr, most notably in the mineral soil pools (<50% of the pre-harvest P levels). Additional significant declines occurred in the FTB treatment due to losses in the organic layer P pool. In terms of tree growth response, both species showed lower top heights in FTB but significantly so on different soil types (jack pine on silty sand and black spruce on loamy sand). However, there was no consistent difference in top height between SO and FT across all soil types.
The increased biomass removals associated with our operational FT resulted in soil C and nutrient reserves that were consistently comparable for all elements to our operational SO, and both were generally comparable to pre-harvest levels. There was also no evidence of top height growth reductions on the FT vs. SO for either jack pine or black spruce. The overall results to date, therefore, suggest that there is no need for restrictions on full-tree harvesting for traditional wood products on these coarse-textured, nutrient poor sites. However, from a cautionary perspective, it seems prudent at this time to restrict more intensive bioenergy harvests to deep, finer-textured sites that have larger soil C and nutrient reserves. Further, since our regenerating stands are just reaching the crown closure stage, the development period where nutrient limitations are likely to occur, continued monitoring is needed to determine if tree growth and foliar nutrition are affected over the next couple of decades.
Ongoing research efforts on these long-term, replicated trials provide a real opportunity to develop and validate a suite of indicators aimed at evaluating the maintenance of site productivity or the conservation of biodiversity (e.g., slash and/or coarse wood retention thresholds) on an operational scale. In this context, these indicators could be incorporated into "operational" monitoring, as part of any regional monitoring program to evaluate the "effectiveness" of forest management guidelines and related policies within an adaptive management framework resulting in a meaningful and science-based advance to sustainable forest management.
